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OutlineOutline

1. What can we learn on nuclear 
ground state properties from 
optical spectroscopy?

2. Optical & trapping techniques
3. Extending the area of investigated 

isotopes
4. A plea to foresee the installation of a 

laser ion source and for further 
development of the 
laser ion source trap  (LIST)

5. Highly charged ions (HCI)
- test of QED in HCI
- fundamental constants (me, α)
- nuclear charge properties
- decay of polarized nuclei

6. Conclusion

The Playground of Nuclear Physics

The Playground of Atomic Physics
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Nuclear Ground State Properties 
by Atomic-Physics Techniques

*    MASS nuclear binding energy

*    NUCLEAR HALF-LIFE decay rates

* HYPERFINE STRUCTURE
1. Hyperfine Interaction

J + Ι = F nuclear spin
2. Magnetic Dipole HFS

A = µΙ <H(0)>/I J nuclear magnetic moment
3. Hyperfine anomaly change of distribution of nuclear

1∆2={(A1/g1)/(A2/g2)}-1 magnetism between two isotopes
4. Electric Quadrupole HFS

B = e0 Qs <ϕzz(0)> spectroscopic quadrupole moment

* ISOTOPE SHIFT
Finite Size Effect
δ <r2>A,A´ change of ms charge radius
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4. Electric Quadrupole HFS

B = e0 Qs <ϕzz(0)> spectroscopic quadrupole moment

* ISOTOPE SHIFT
Finite Size Effect
δ <r2>A,A´ change of ms charge radius

Presently, only optical isotope shift measurements
give access to the charge radii of radionuclides.

Presently, only optical isotope shift measurements
give access to the charge radii of radionuclides.

This information is model-independent.This information is model-independent.

This information is the most basic one and 
should be known for each nucleus.

This information is the most basic one and 
should be known for each nucleus.



BriX Workshop on “Nuclear Physics Research at the MYRRHA Accelerator, Mol, Belgium,  April 6 – 8 , 2008              H.- Jürgen Kluge 5

The Minima of the Energy-Deformation Curve can be Determined 
by Atomic-Physics Techniques

185Hg

mass ⇒ depth of minima
isotope shift    |β2|   ⇒ size of deformation
isomer shift     δ|β2| ⇒ difference in deformation
quadrupole moment   ⇒ sign of deformation
spin ⇒
magnetic moment      ⇒ single-particle properties

A. Andreyev et al., Nature 405 (2000) 430
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D. Lunney et al. 
Rev. Mod. Phys. 75 (2003) 1021

The sensitivity of mass spectrometry and  optical spectroscopy 
(spin, moments, charge radii) to nuclear structure effects.

Examples : Charge radii of Rb and Hg isotopes versus mass information

Comparison: Charge Radii – Nuclear Binding Energies
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Laser Techniques for Determination of 
Spins, Moments and Charge Radii

Resonance ionization (mass) 
spectroscopy 

Co-linear spectroscopy

Spectroscopy of confined and 
cooled atoms or ions

Radiation-detected optical
pumping Laser ion source 

at ISOLDE
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•

Laser Spectroscopy of Radionuclides at Accelerators or Reactors

• operating facilities • facilities under construction or test
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⇒ useful thickness of target: < 1010 atoms/cm2 or < 1pg/cm2

power of tunable cw dye laser ≈ 100 mW ... 1 W

⇒ flux of photons ≈ 1017 ... 1018/(s·cm2) ⇒ up to 108 excitation/(s·atom)

“in principle” only 1 atom sufficient“in principle” only 1 atom sufficient

σphoton absorption ≈ λ2
photon ≈ 10-10 cm2 = 1014 barnσphoton absorption ≈ λ2

photon ≈ 10-10 cm2 = 1014 barn

R.G.Voe et al., PRL 76 (1996) 2049(Toschek, Dehmelt, Neuhauser et al.)

First demontrarion: Ba+ stored in an ion trap

How Sensitive is Optical Spectroscopy? 
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Laser Spectroscopy of Light Elements

Halo Nuclei

⋅

H.-J. Kluge and W. Nörtershäuser, Spectrochim. Acta B, 58 (2003).
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11Li

208Pb

What is the charge radius ?

6Li – 7Li:
mass shift ≈ 11 GHz 

volume shift ≈ 1 MHz

What is the charge radius ?

6Li – 7Li:
mass shift ≈ 11 GHz 

volume shift ≈ 1 MHz
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I. Tanihata et al.

Nuclear Charge Radii of Halo Nuclei

Yan, Z.-C. and G.W.F. Drake, PRA 66, 042504 (2002)
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11Li
Lifetime ≈ 9 ms
30,000 Atoms/s

Novel technique developed at 
GSI by Wilfried Nörtershäuser, 
Andreas Dax et al. 

8,9Li at GSI
11Li at TRIUMF

A relative accuracy of better 
than 10-5 is required for the IS 
measurement and for the 
calculation of the mass shift.

Mass shift calculation by
G. Drake, Z.-C. Yan, K. Pachucki
et al.

11Li
Lifetime ≈ 9 ms
30,000 Atoms/s

Novel technique developed at 
GSI by Wilfried Nörtershäuser, 
Andreas Dax et al. 

8,9Li at GSI
11Li at TRIUMF

A relative accuracy of better 
than 10-5 is required for the IS 
measurement and for the 
calculation of the mass shift.

Mass shift calculation by
G. Drake, Z.-C. Yan, K. Pachucki
et al.

Doppler-Free Resonance Ionization Mass Spectroscopy 
of Lithium Isotopes at GSI and TRIUMF
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R. Sánchez et al., PRL 96, 033002 (2006)
Nature Physics 2, 145 (2006)
M. Puchalski et al., PRL 97, 133001 (2006)

Nuclear Charge Radii of Lithium Isotopes
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Colinear Spectroscopy Combined with Nuclear
Radiation Detected Pumping of Lithium-11 at ISOLDE

Ion beam 
from ISOLDE

Photon
counting

Spin & magnetic moment : E. Arnold et al., PL B 197 (1987) 311
Spectroscopic quadrupole moment:    First round: E. Arnold et al., PL B 281 (1992) 16

Second round: R. Neugart, G. Neyens et al. (to be published)
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of Helium-8 at GANIL
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Detection of a Single 6He Atom at Argonne

Capture efficiency:  ~ 10-8 → single atom detection necessary!
Single-atom signal: ~ 1.0 kHz
Single-atom S/N:     ~ 10 in 100 ms
6He capture rate:     ~ 150 per hour

Capture efficiency:  ~ 10-8 → single atom detection necessary!
Single-atom signal: ~ 1.0 kHz
Single-atom S/N:     ~ 10 in 100 ms
6He capture rate:     ~ 150 per hour
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Nuclear Charge Radius of Helium-8 
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RFQ Buncher

accumulation, cooling & bunching

Preparation Penning trap
cooling & purification

isobar separation

Precision Penning trap
determination of cyclotron resonance

isomer separation

2m

Penning Trap Techniques for Mass Determination

Penning Trap mass spectrometer ISOLTRAP
at ISOLDE
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• operating facilities • facilities under • planned facilities
construction or test

 

• TRIUMF

Argonne• • MSU

• Jyväskylä

GSI •

Stockholm •
SHIPTRAP

HITRAP
MATS

ISOLTRAP
ATRAP

JYFL TRAP

SMILETRAP

CPT

LEBIT

TITAN

MAFF TRAP

• Munich
CERN • RIKEN TRAP

RIKEN

Penning Traps at Accelerators for Mass Spectrometry
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Cyclotron resonance signal of about 100 stored 12C5+ ions

How Sensitive is Radiofrequency Spectroscopy in Traps?

∆vFWHM ≈ 2.5 kHz
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How Sensitive is Radiofrequency Spectroscopy in Traps?

∆vFWHM ≈ 2.5 kHz

Cyclotron resonance signal of 20 - 2 stored 12C5+ ions
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How Sensitive is Radiofrequency Spectroscopy in Traps?

Cyclotron resonance signal of a single 12C5+ ion
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How Sensitive is Radiofrequency Spectroscopy in Traps?

Coulomb interactions and relativistic
shifts cause line broadening:

With 100 ions present in the trap,  the resolving power is only 104.

With one ion present in the trap, a resolving power of 109 is achieved.

Cooling is required for eliminating relativistic mass shifts.

By performing the experiment with only one ion
distortions by Coulomb interaction are avoided. 

Radiofrequency spectroscopy has single-ion detection efficiency.

Coulomb interactions and relativistic
shifts cause line broadening:

With 100 ions present in the trap,  the resolving power is only 104.

With one ion present in the trap, a resolving power of 109 is achieved.

Cooling is required for eliminating relativistic mass shifts.

By performing the experiment with only one ion
distortions by Coulomb interaction are avoided. 

Radiofrequency spectroscopy has single-ion detection efficiency.
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The Increase of the Accuracy of Mass Spectrometry
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Mass Measurement of Helium-6 at TITAN @ TRIUMF
November 2007

J. Dilling et al., private communication
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Mass Measurement of Helium-6 at TITAN @ TRIUMF
November 2007

J. Dilling et al., private communication
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Mass Measurement of Lithium-11 at TITAN @ TRIUMF
December 2007

J. Dilling et al., private communication

AME2003

Preliminary:
AME(2003)     δm = 19 keV
TITAN(stat) δm = 0.55 keV
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Theoreticians should try to fit all model-independent properties at 
the same time (spin, magnetic moment, quadrupole moment, charge 
radius and binding energy), and not separately as it is usually done. 

Presently, each nuclear property of the lithium isotopes is 
reproduced best by a specific, but different theory.

The lithium isotopes should be good testing objects for theory. 

Theoreticians should try to fit all model-independent properties at 
the same time (spin, magnetic moment, quadrupole moment, charge 
radius and binding energy), and not separately as it is usually done. 

Presently, each nuclear property of the lithium isotopes is 
reproduced best by a specific, but different theory.

The lithium isotopes should be good testing objects for theory. 

An Appeal to the Theoreticians

There is another model independent quantity 
which is very difficult to determine:

the hyperfine anomaly

But the experimental effort makes only sense if 
theoreticians really try to predict it.
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Bohr-Weisskopf effect: A = Apoint (1+εBW)
change of magnetic  hfs interaction due to finite nuclear size

hyperfine anomaly: 1∆2={(A1/g1)/(A2/g2)} - 1 ~ ε1 – ε2

change of distribution of nuclear magnetism between two isotopes

For an experimental 
accuracy for the hyperfine 

anomaly  1∆2 of about 
10-2 – 10-4 the A-factor 

and gI must be determined 
with an accuracy of about 

10-5 –10-6 .

This is possible but very 
demanding. 

For an experimental 
accuracy for the hyperfine 

anomaly  1∆2 of about 
10-2 – 10-4 the A-factor 

and gI must be determined 
with an accuracy of about 

10-5 –10-6 .

This is possible but very 
demanding. 

A-factors: 10-12 in Paul traps
gI-factors: 5•10-7 in Penning traps

G. Werth et al.

High-Accuracy Measurement of Magnetic HFS Spitting 
and gI in Traps – Hyperfine Anomaly

gI determination of Eu-148 in a Penning trap
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Where are the Limits?

The (extreme) halo nucleus lithium-11defines the 
present boundary conditions:

Very short half-life: 9 ms
Very small volume effect of IS:          30 kHz relative to 6Li
Very large mass effect of IS: 11 GHz relative to 6Li
Very small magnetic HF interaction:  900 MHz
Very small electric HF interaction:      22 KHz
High cyclotron frequency (q/m = 0.3) 6 MHz

Production yield:

1,000/s at ISOLDE           (1.6 µA 1.4 GeV protons) 
30,000/s at TRIUMF            (40 µA 0.5 GeV protons)

~100,000/s at MYRRHA (100-200 µA 0.5 GeV protons)
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Atomic physics experiments are able to deal with 1 ion at a time.
A production yield of 1 ion per second is sufficient for atomic physics 
experiments.
All radionuclides available at ISOL facilities can be investigated by 
atomic physics techniques, even those with the shortest half-life.
Of course, long beam times are required at yields approaching 1 ion/s 
or below.
A dynamic range of about 5 orders of magnitude corresponds to up to 
about 5 isotopes at the steep slopes on the neutron-rich and neutron-
deficient side of the production curve.

What will be Accessible at a MYRRHA ISOL Facility?
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Some Remarks

An optical experiments is special for each elements. To prepare the atom 
or ion for an ambitious experiment is a lot of work and takes time.
Examples: The development of the technique to measure the charge radii 
of lithium isotopes took 7 years. This is the time scale also for other 
precision experiments (antihydrogen, WITCH, EDM, parity, Fr, Ra, …..)
Atomic physics experiments can be prepared in most cases by use of 
stable isotopes at the home laboratory. However, some essential features 
(signal-to-background, systematic errors) can only be checked on-line.
Alkali atoms confined in laser traps for neutral atoms and alkali earth 
ions confined in Paul and Penning traps will be a good starting point for 
MYRRHA. For example, Be-14 will be produced in reasonable amounts 
(100 ions/s at MYRRHA).
Not primarily produced isotopes can be investigated by letting the 
mother nucleus decay as, for example, in the case of the COMPLIS
experiment: Hg – Au – Pt – Os
Still, a laser ion source should be foreseen. Solid state lasers are reliable
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The Problem of Isobaric Contamination
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The laser ion source is used in more than 50 % of 
the beam time. But .....

The laser ion source is used in more than 50 % of 
the beam time. But .....

RIMS Schemes for ISOLDE

 Ionized at ISOLDE RILIS
1 2

H  Ionization scheme tested He
3 4 5 6 7 8 9 10

Li Be  Ionization scheme untested B C N O F Ne
11 12 13 14 15 16 17 18

Na Mg Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
87 88 89 104 105 106 107 108 109 110 111 112

Fr Ra Ac Rf Ha Sg Ns Hs Mt

58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

there is very often at ISOLDE a contamination 
by isobars which are surface-ionizable.

there is very often at ISOLDE a contamination 
by isobars which are surface-ionizable.
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Fighting Isobaric Contamination with LIST
(Laser Ion Source Trap)
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K. Blaum et al. NIM B 204 (2003) 331
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Ionization of Gallium Atoms in the LIST

K. Brück, C. Geppert, F. Schwellnus, K. Wies, K. Wendt

First off-line 
demonstration at Mainz 

(Klaus Wendt et al., )

Development going on at 
Mainz, Jyväskylä and 

TRIUMF

Efficient and highly 
selective ionization

Suppression of isobars

DC and bunched beams 
with low emittance

Polarized radioactive ion 
beams by optical pumping

First off-line 
demonstration at Mainz 

(Klaus Wendt et al., )

Development going on at 
Mainz, Jyväskylä and 

TRIUMF

Efficient and highly 
selective ionization

Suppression of isobars

DC and bunched beams 
with low emittance

Polarized radioactive ion 
beams by optical pumping
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Uranium

Hydrogen

Test of Quantum Electrodynamics in Extreme Electromagnetic Fields 
and Spectroscopy of Simple Systems



BriX Workshop on “Nuclear Physics Research at the MYRRHA Accelerator, Mol, Belgium,  April 6 – 8 , 2008              H.- Jürgen Kluge 40

• highly charged ions of stable and radioactive isotopes
• atomic ollisions at very low velocities
• surface studies and hollow-atom spectroscopy
• laser spectroscopy of hyperfine splitting in hydrogen-like ground state
• x-ray spectroscopy of Lamb shift
• diamagnetic correction
• g-factor measurements of the bound electron
• fundamental constants: fine structure constant, mass of the electron
• mass measurements of extreme accuracy
• calibration of hyperfine fields in simple systems
• calibration of ∆|ψ(0)|2 for isotope shift measurements 
• polarization of radionuclides
• decay spectroscopy of highly-charged radionuclides

• highly charged ions of stable and radioactive isotopes
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• laser spectroscopy of hyperfine splitting in hydrogen-like ground state
• x-ray spectroscopy of Lamb shift
• diamagnetic correction
• g-factor measurements of the bound electron
• fundamental constants: fine structure constant, mass of the electron
• mass measurements of extreme accuracy
• calibration of hyperfine fields in simple systems
• calibration of ∆|ψ(0)|2 for isotope shift measurements 
• polarization of radionuclides
• decay spectroscopy of highly-charged radionuclides

Experimental Challenges for Highly Charged Ions 
at Extremely Low Energies
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Production of Highly Charged Ions

Ionization by  highly energetic
electrons

Electron Beam Ion Trap
(EBIT) 

Ionization of highly energetic ions 
passing a target

Heavy Ion Accelerator
GSI at Darmstadt
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cyclotron frequency Larmor frequency

is the revolution frequency of a 
charged particle in an external
magnetic field B: Lorentz force and 
centrifugal force are equal.

is the precession frequency of a 
magnetic moment in an external
magnetic field B. It equals the 
frequency required for flipping the spin.
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Principle of the  g-Factor Determination of the Bound 
Electron
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•LHe temperature:
single-ion detection
small amplitudes
extreme ultra-high vaccum
long storage time

•superconducting  magnet:
high frequencies
high stability
high accuracy

Set-Up for g-Factor Determination of the Bound Electron  
in a Single H-Like Ion

• two Penning traps:   

precision trap: homogeneous magnetic field for measurement of B via 
determination of the cyclotron frequency  of a single ion 
and induction of spin  flips

analysis trap: inhomogeneous field for detection of spin direction of the 
bound electron

precision
trap

analysis
trapelectric potential

m
agnetic field lines

precision
trap

analysis
trapelectric potential

m
agnetic field lines

precision
trap

analysis
trapelectric potential

m
agnetic field lines

GSI – University of Mainz collaboration
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NUCLEAR MAGNETIC MOMENT NUCLEAR CHARGE RADII
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For the first time:
check of diamagnetic correction
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Exact calculations are possible!

Nuclear Moments and Charge Radii from Measurements
of the g-factor of the Bound Electron

Glazov and Shabaev, PL A297 (2002) 408

Is there an idea for decay studies of 100% polarized hydrogen-like ions,
that are backing-free stored in a trap, cooled to 4 K and where the 

beta particles are guided by the magnetic field to detectors?

Is there an idea for decay studies of 100% polarized hydrogen-like ions,
that are backing-free stored in a trap, cooled to 4 K and where the 

beta particles are guided by the magnetic field to detectors?
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H.-J. Kluge, W. Nörtershäuser
Spectrochimica Acta 2003

K. Blaum, Phys. Rep. 425 (2006) 1

Optical spectro
scopy

Mass spectrometry
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Laser Spectroscopy and Mass Spectrometry 
in Long Isotopic Chains
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Summary

Atomic physics techniques are
- accurate
- sensitive and
- deliver model-independent information on nuclear ground state properties. 

Laser spectroscopy is (still) the only access to charge radii of short-lived isotopes.
Now, also the charge radii of very light nuclei are accessible. In this case, atomic 
theory is essential.
Masses deliver information on all forces acting in the atom except gravitation. They are 
essential in many areas of science (nuclear structure, CVC, neutrino mass, QED, …).
Resonance ionization (mass) spectroscopy is beside co-linear spectroscopy the most 
often applied laser spectroscopic technique at radioactive beam facilities.
Laser ion sources are based on RIMS. They offer efficiency, reliability and isomer 
selectivity. Combined with bunching and cooling of ion beams in a segmented, gas-
filled radiofrequency quadrupole trap, the laser ion source trap (LIST) will solve the 
problem of isobaric contamination.
Highly charged ions are used to test QED in extreme electromagnetic fields. Using 
different charge states of the same isotope, nuclear-size effects can be made 
insignificant.  If QED is found to be valid, nuclear effects in simple few-electron 
(radioactive) ions can be measured and safely treated by atomic theory.
Leave space for an laser ion source and an electron beam ion trap as a charge breeder,


